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Photoelectron diffraction at the surface of amorphous carbon nitride
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The line shape of N 1s photoemission spectra in a certain type of amorphous carbon nitride is
shown to depend strongly on the polar angle of photoelectron emission. This effect is explained in
terms of photoelectron forward scattering due to preferential orientation of bonds near the surface.
An alternative model based on different indepth distributions for each of the nitrogen chemical
species does not provide a satisfactory explanation of the observed angular dependence. The
changes with polar emission angle of the photoelectron and Auger electron spectra are compared to
elucidate the nature of each of the N 1s photoemission peaks. ©2000 American Institute of
Physics.@S0003-6951~00!02947-8#
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There is currently a large research effort on amorph
carbon nitride (a-CNx) motivated by its outstanding me
chanical and tribological properties.1,2 The understanding o
the local structure ofa-CNx is essential for optimizing its
properties, but the atomic structure of this material is
well known. This is mainly due to the rich variety of loca
environments and the lack of long range order. Various
fraction techniques have been used so far, such as neu
diffraction,3 electron diffraction,4 and x-ray diffraction,5 but
only averaged radial distributions of neighbors have b
obtained and little insight about the nature of local struct
has been gained. Fullerene-like and graphite-like structu
have been found in annealeda-CNx with transmission elec-
tron microscopy,1 but the role of nitrogen in these structur
is not fully understood.

X-ray photoemission spectroscopy has also been wid
used to study amorphous carbon nitride, but the interpr
tion of the spectra is still matter of discussion.1,6–10 Marton
and co-workers8 proposed that the two main peaks in the
1s spectra~at 400.9 and 398.4 eV! correspond to nitrogen
bonded tosp2 andsp3 carbon, respectively. But an exper
mental study of the PEXAFS effect~photoemission extende
x-ray absorption fine structure! in the N 1s photoemission
spectra, showed that the peak 398.4 is most likely due
double and triple bonds, and not tosp3 hybridization.11 This
PEXAFS experiment was done ona-CNx samples showing
negligible photoemission angle dependence to avoid ph
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electron diffraction effects. In this letter, we present furth
evidence that we hope will elucidate the interpretation of
N 1s peak at 398.4 eV.

The samples were preparedin situ by low energy (80
620 eV) nitrogen ion bombardment of amorphous carbon
800 °C. The high substrate temperatures and low ion e
gies used during nitrogen implantation have led to a struc
with preferential orientation of bonds near the surface, a
this has made possible the observation of photoelectron
fraction effects that are not detectable ina-CNx samples pre-
pared with conventional preparation conditions.11

The electron spectra were measured with a VG Esca
210 spectrometer, using MgKa radiation ~1253.6 eV!, 7°
analyzer acceptance semi-angle, and 0.9 eV energy res
tion. Rotation of the sample allowed the emission polar an
u to be varied from 0° to 80° relative to the surface norm
axis. The radiation source and the electron analyzer w
kept fixed, the angle between them being 60°.

Figure 1 shows N 1s photoemission spectra at two rep
resentative electron emission angles. In the following,
will refer to the two main N 1s peaks as peak 1~400.9 eV!,
and peak 2~398.4 eV!. A third intermediate peak at 399.3 e
is observed under certain conditions,10 but seems to be quite
weak in the present case, as good quality fits to the spe
can be obtained with Gaussian line shapes without consi
ing this intermediate peak.

Peak 2 drastically diminishes its intensity as the sam
is rotated slightly off the normal emission direction. Tw
possible reasons for this behavior are~i! different indepth
distributions of different N species~buried layer model! and
~ii ! photoelectron diffraction. Most likely, the observed a
gular dependence is due to a convolution of both effects,

e,
4 © 2000 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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from the analysis that follows, one can conclude that pho
electron diffraction is a major effect, whereas the bur
layer model cannot explain alone the observed angular
tributions.

~i! In the buried layer model the variation of the phot
emission intensity as a function of polar angleI (u) is deter-
mined by the depth profilen(z) as

I ~u!5
I 0

l E
0

`

n~z!e2z/l cosudz, ~1!

wheren is the concentration of the corresponding chemi
species as a function of depthz, l is the attenuation length
~15 Å in the present case12!, andu is the electron emission
angle. Assuming that all nitrogen atoms contributing to pe
2 are in the bulk, the latter would have maximum intens
for normal emission, because in this condition the length
the photoelectron path inside the solid is minimum. The o
ermost layer thickness has been used as an adjustable p
eter to fit the calculations to the experimental data. Figur
shows the experimental result at 398.4 eV binding ene
~solid circles! along with the best fit for the buried laye
model~thick dashed curve!. In Fig. 2, the experimental dat
at 400.9 eV is also shown for comparison and seems to
almost flat. The weak oscillations of the peak at 400.9
cloud be due to a number of factors: inelastic loss proces
experimental errors, or photoelectron diffraction effects.

The fitted thicknessD of the overlayer is 4.2l ~approxi-
mately 60 Å!. The other free parameter in our model, t
concentration of type 2 nitrogen atoms in the bulk, attain
in the fitting procedure its maximum possible value, that c
responding to a 100% nitrogen substrate. A lower value
this parameter results in a lower quality fit to the experim
tal data. Therefore, the buried layer model leads to an u
alistic depth profile and a poor quality fit to the experimen
data.

~ii ! Although the sample is amorphous as determined
in situ reflection high energy electron diffraction, preferent
orientation of atomic bonds at the surface cannot be ru
out. We have calculated the angular dependence of Ns

FIG. 1. N 1s photoemission spectra at two representative emission p
angles. Polar angle is defined as zero when the sample surface norma
is parallel to the analyzer axis. Experimental geometry at zero polar ang
shown in the upper left corner of the figure. Letter R corresponds to
polar rotation axis.
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photoelectrons scattered by a carbon atom located on to
the emitter at a distance corresponding to a CN triple bo
using a curved wave multiple scattering approach.13 The re-
sults of this calculation are compared with the experim
and the buried layer model in Fig. 2~thin solid curve!. In
order to account for both the finite instrumental angular re
lution (67°) and some degree of orientational disorder,
calculated photoelectron diffraction intensity has been c
voluted with a Gaussian broadening profile. The width of t
Gaussian has been used as an adjustable parameter to
experimental data and a value of67.6° has been obtained
in good agreement with the instrumental broadening. T
contribution to peak 2 coming from other randomly orient
CN bonds has been incorporated as an angle-indepen
term. From this analysis, we have obtained that 21% perc
of the CN bonds contributing to peak 2 are randomly o
ented while 79% are oriented perpendicularly to the surfa
We have also attempted to fit the experimental data wit
convolution of the buried layer model and the photoelect
diffraction model, but such a fit has too many free para
eters for the solution to be uniquely determined.

We have calculated the scattering of NKVV Auger elec-
trons ~not shown in Fig. 2 for the sake of clarity! and the
result is quite similar to the curve corresponding to Ns
photoemission. Therefore, one could expect some correla
between the changes in Auger and photoelectron spectra
function of polar angle. TheKVV Auger peak of N is shown
in Fig. 3 at normal(0°) andgrazing (80°) electron emissio
angles. The peak at 382 eV is due to NKpp transitions. The
intensity of this feature relative to the total Auger intensity
related to the density ofp bonds.14 When turning the polar
angle to normal emission, the NKpp Auger peak grows as
photoemission peak 2 grows. This suggests that peak 2
responds to a bonding configuration with morep bonds than
that corresponding to peak 1. So far, this peak has been
signed to C–N single bonds,8 whereas the evidence pre

ar
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e

FIG. 2. Comparison of various theoretical models with the experime
data on the angle dependence of the N 1s photoemission peak 2~398.4 eV!.
~a! Experimental data at 398.4 eV binding energy.~b! Buried layer model
for the data at 398.4 eV.~c! N 1s photoelectron diffraction model for the
data at 398.4 eV~including instrumental broadening and orientational d
order!. ~d! Experimental data at 400.9 eV binding energy. Peak intensi
are relative to the intensity of the background at 394 eV binding ene
Experimental intensities were taken from a single point~at either 398.4 or
400.9 eV! in the photoemission spectra. The scheme in the lower part sh
the geometry used in the electron multiple scattering calculations. Emitt
the nitrogen atom.
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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sented here seems to indicate that this peak is due top bond-
ing ~triple and/or double bonds!.

Summarizing, we have found a strong polar emiss
angle dependence for both the N 1s photoemission and N
KVV Auger spectra of a certain type of amorphous carb
nitride. We have found that a buried layer model based al
on inelastic scattering of the electrons cannot explain
observations. On the other hand, the photoelectron diff
tion calculations including instrumental broadening and o
entational disorder are in good agreement with the exp
mental data. We have correlated the changes in the Ns
photoemission and NKVV Auger spectra as function of po
lar angle and found that the N 1s peak at 398.4 eV is asso
ciated to strongp bonding.

The authors would like to acknowledge support by t
Comunidad de Madrid Project No. 07N/0044/1998, by

FIG. 3. KVV Auger electron spectra of N at normal(0°) andgrazing (80°)
emission~black and gray dots respectively!.
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